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Observation of lower hybrid drift instability in the
diffusion region at a reconnecting magnetopause

S. D. Bale, F. S. Mozer, and T. Phan

Space Sciences Laboratory, University of California, Berkeley

Abstract. Intense lower hybrid waves are observed in the
Hall current region of a reconnecting current sheet at the
earth’s magnetopause. Large measured cross-field drifts
and density gradients are the likely sources of free energy
through a lower hybrid drift instability (LHDI), which is sta-
bilized near the neutral point where the plasma [ is large.
Harris neutral sheet and linear models are fitted to the data
and inferred current density profiles are compared to the
observed current density from particle measurements. We
estimate the contribution of LHDI anomalous resistivity to
the parallel electric field and show that it is more than 100
times smaller than the measured parallel field at the separa-
tor boundaries and essentially zero near the neutral point,
leaving gradient electron pressure tensor and inertial terms
or anomalous resistivity from higher frequency instabilities
to support any parallel fields there and, hence, control the
reconnection process.

1. Introduction

Magnetic reconnection proceeds when some process
breaks the frozen-flux condition, embodied by the ideal
MHD assumption of E 4+ ¢ x B = 0. This assumption can
be broken by any of several terms in the generalized Ohm’s
law. In a collisionless plasma, one such term is 75 due to the
anomalous resistivity of wave-particle interactions. Moti-
vated by observations of noise in the lower-hybrid frequency
range [e.g. Gurnett et al., 1979; Cattell et al., 1995], the
lower hybrid drift instability (LHDI) has long been invoked
as a possible source of anomalous resistivity in reconnecting
current sheets [e.g. Labelle and Treumann, 1988; Cattell et
al., 1995]. LHDI is driven by cross-field drifts in the presence
of density or magnetic field gradients; the growth rate peaks
at kp. ~ 1 for a broad range of frequencies near frm. The
LHDI, however, ought to be stabilized at large 8 [Davidson
et al., 1977], a result that we show experimentally in this
letter. This excludes the LHDI and any associated resistiv-
ity from near the neutral point, where reconnection onset
is thought to occur. Recent laboratory reconnection exper-
iments, in a different regime of collisionality, [Carter et al.,
2002a; Carter et al., 2002b] show similar results, including
the quenching of LHDI at the neutral point. This suggests
that LHDI anomalous resistivity is not essential for recon-
nection. Our data indicates that this is also the case at the
magnetopause.

The Polar spacecraft encountered a reconnection diffu-
sion region at the magnetopause on April 1, 2001 near the
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subsolar point. The topology, flows, and reconnection rate
of this event have been discussed by Mozer et al. [2002]. In
this letter, we analyze observations of LHDI in the current
sheet and show that the estimated contributions to plasma
resistivity are negligible for the reconnection process.

2. Observations and Analysis

Electric and magnetic field data, spacecraft potential, and
electron and ion moments from the EFI, MFI, and Hydra
experiments on Polar are used. Three-axis electric field mea-
surements are sampled at 40 samples/s; magnetic field is
sampled at 8.3 samples/s. The cadence of the ion and elec-
trons moments is 1 per 13.8 sec and 1 per 4.6 sec respec-
tively. These measurements are also discussed by Mozer et
al. [2002]. The EFI axial electric field boom is short (13.6
m tip-to-tip) and the integrity of the measurement of small
E), which controls reconnection, requires a fortuitous orien-
tation of the spacecraft with respect to the magnetic field.
Spacecraft potential data is fitted locally to plasma density
to produce an effective density measurement ny at high ca-
dence (5 samples/s).

Figure 1 shows an overview of this event. Panel (d) shows
the magnetic field vector in a minimum variance of B coor-
dinate system. The transition from a southward magne-
tosheath (B, ~ -80 nT) field to northward magnetospheric
(B: ~ 80 nT) field is easily seen in the maximum vari-
ance (red) component. The intermediate (green) component
shows a clear example of the bipolar magnetic signature of
a Hall current in the g direction. In panel (c), the measured
electric field is shown in the Normal Incidence Frame (NIF)
and in the same, minimum variance of B, coordinate sys-
tem. The NIF is defined as a frame that moves along the
magnetopause surface such that the incoming plasma flows
in along the normal direction. The Hall current signatures
again are clear in the normal component of the NIF elec-
tric field, while the tangential electric field is fairly constant
indicating a steady state magnetopause (6 x E ~ 0). An
analysis of this tangential electric field gives a magnetopause
speed of vy & 24 km/s [Mozer et al., 2002]. Wavelet spec-
trograms of Baryv and Enrp are shown in panels (a) and (b)
respectively; red lines on the spectrograms show the local ion
cyclotron frequency fc;, while the black line on panel (b) is
the local lower hybrid resonance frequency fin = (fei fce)l/ 2,
Noise above f.; is visible in the electric spectrogram; its oc-
currence coincides spatially with the Hall current region.
The magnetic and electric fluctuation spectrograms appear
qualitatively different; while this may be a characteristic of
the LHDI, it may also arise due to different sampling rates
and instrument filters. Here, we focus on the electric field
measurements. Wavelet power spectra (Figure 2) of the elec-
tric fluctuations show clear enhancements between f.; and
fin. The black and magenta spectra are sampled on the
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magnetosheath (05:46:50-05:47:03 UT) and magnetosphere
(05:47:11-05:47:22 UT) sides within the Hall current region,
while the green spectrum is from the quiet magnetosphere
(05:47:36-05:48:00 UT). Each spectrum is an average of sev-
eral local spectra and has been binned in frequency scaled
to fei. Heavy solid dots on each spectrum show where the
Polar spacecraft spin frequency (fspin =~ 1/6 Hz) occurs,
which contaminates the spectrum. The quiet magnetosphere
(green) and the Hall current regions below f.; have spectra
with similar slopes; the spectra in the Hall current region
(red and magenta), however, show clear enhancements above
ion cyclotron frequency and departures from the background
power law. These spectra roll off near 20 f.;, just below frp;
however, this may be an effect of the instrument low pass
filters. A T-pole low pass filter at the Nyquist frequency
(fry = 20 Hz) prevents an accurate amplitude measurement
near fp, and the actual spectrum may not be attenuated
near fru as observed. Broken power laws (dotted lines on
the figure) fitted to the Hall current spectra give power law
indices a1« =~ —2.36 (f < fo) and a1 ~ —1.02 (f > fei)
for the magnetosheath side of the Hall current region (black
spectrum). On the magnetosphere side (magenta), we get
a2« ~ —1.52 and as> =~ —1.06. A single power law fit
gives an index of amp ~ —1.97 in the quiet magnetosphere
(green). .

Electric fluctuations JE are calculated by detrending
Enrr using a 32-point (0.8 sec) running boxcar average and
transforming to a magnetic field-aligned coordinate system
(panel (a) of Figure 3). The polarization of the electric fluc-
tuations is computed by doing a 32-point running maximum
variance analysis on 6E. Panel (c) of Figure 3 shows the
latitude of the maximum variance direction in field-aligned
coordinate system and shows that the electric fluctuations
are primarily perpendicularly polarized; the small polariza-
tion angle near the neutral point is unreliable, as the mag-
netic field direction may have a large error here. Ion plasma
Bi = 8mnkT;/B? is shown in panel (d), as calculated from
the ion moment temperature, the effective density, and mag-
netic field. As |B]| goes to zero at the neutral point, §;
rises from its ambient value of approximately 0.1 to a peak
of about 270. Red dotted, vertical lines in Figure 3 show
the interval during which §; > 1. This coincides with the
damping of the electric fluctuations noted earlier, in agree-
ment with prediction of LHDI. The density scale length
L, = n/|dn/dz| in units of local electron inertial length
¢/wpe is shown in panel (b); as discussed above, the LHDI
may be driven by large density gradients. Comparing pan-
els (a) and (b) it can be seen that the most intense LHDI
occurs when L, is less than a few ¢/wpe and is quenched
when 3; >> 1.

The transition from magnetosheath to magnetospheric
magnetic field (panel (f) of Figure 3) is seen in B, to have
approximately the hyperbolic tangent profile of a Harris neu-
tral sheet [Harris, 1962]. The black dotted line in panel (d)
is a fit to By tanh(x/L), where the best-fit parameters are
By ~ 83.5 nT and L ~ 1.48 ¢/wy;. For a generalized Harris
sheet, L = c/wciﬂ Cs/varift, where ¢, is the sound speed
[e.g. Yamada et al., 2000]. For this model, our fit gives
Vdrift & Cs, suggesting the possible growth of (unobserved)
higher frequency electrostatic current-driven instabilities. A
linear fit to B, (red dotted line) gives 0B./dz ~ 35.3 nT
(¢/wpi)™". Panel (e) shows the derived Harris sheet jms
(black dotted line), linear jr (red dotted line), and mea-
sured jm, (connected black dots) plasma current. The de-
rived current jms is calculated from the derivative of the
model field jg = Bo/(poL) sech?(x/L)j and jr, is 1/uo

OB, /0x, while the measured current is computed from the
difference of measured ion and electron velocity moments
fM = nge(t; — U.). Both model currents are larger than
the observed current density near the center of the current
sheet. The Harris sheet current profile agrees well with the
measured current density near the edges.

We attempt to evaluate the contribution of anomalous
resistivity to the physics in the current sheet. In the gen-
eralized Ohm’s law, sources of parallel electric field may
arise from ambipolar, inertial, and collisional physics E ~
B-[-(V-P.)/en+(1/eow?,)d]j/dt +n7), where P is the elec-
tron pressure tensor and 7 is resistivity provided by collisions
or wave-particle interactions. In the steady-state, ambipolar
terms are thought to dominate; here we estimate the anoma-
lous resistivity term |nj| due to wave-particle interactions
with the LHDI fields. Panel (a) of Figure 4 shows the ab-
solute value of the measured parallel electric field E}. The
direction cosine of the spacecraft spin plane and the local
magnetic field is near zero here, therefore the magnetic field
lies in the plane of the long, spin-plane electric field probes,
minimizing the error in the measurement of E: the large
spike in E|| during a portion of the crossing near 05:47:20 is
therefore well-measured. The perpendicular components of
FE are of the same magnitude here, but may be generated by
Hall and convective terms in Ohm’s law, hence we use E)
for comparison.

In the LH wave fields 65, electrons may diffuse across
field lines by their 6E x B drift. Coroniti (1985) esti-
mated the anomalous collision frequency between electrons
and LH waves as v, =~ (wge/wlh)eoéEQ/an‘bTe. Using
this expression, anomalous resistivity can be calculated as
n ~ v./(eowy.) and the contribution to the electric field is
|nj| and is shown in panel (b) of Figure 4. While convec-
tion and Hall currents can have large contributions to the
observed E, the physics of E| is determined as above in
Ohm’s Law. The estimated 7j term follows the observed Ej
near the separator boundaries; however, it is more than 100
times smaller in magnitude. Futhermore, since the LHDI is
not observed near the neutral point, nj is very small there
and any contribution of the resistivity to anomalous diffu-
sion will be small, as predicted by theory [e.g. Coroniti,
1985], whereas Ej| is expected to remain finite near the neu-
tral point [e.g. Pritchett, 2001].

3. Summary

We report observations of lower hybrid frequency fluc-
tuations in the Hall current region of a reconnecting day-
side magnetopause. The waves are intense, with e¢/kyTe ~
eEpe/kyT. =~ 0.1, perpendicularly polarized, and coincide
spatially with the Hall current and a region of large density
gradients. At the neutral point, where plasma [ is large,
the instability is quenched. Based on these properties, we
identify the fluctuations as a lower hybrid drift instability
(LHDI). We estimate that the contribution of anomalous
resistivity, from the electric part of the fluctuations, to the
observed DC electric field in the current sheet is small; hence
any primary role in magnetic reconnection is unlikely. Two
caveats are in order: the amplitude of the LHDI fluctua-
tions may be underestimated due to instrument filter rolloff,
in which case the actual anomalous resistivity can be larger.
This is likely to be a small effect except just near the Nyquist
frequency. On the other hand, recent simulations | Watt et
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al., 2002] have shown that analytic estimates [e.g. Labelle
and Treumann, 1988] of resistivity due to ion acoustic fluc-
tuations may be several orders of magnitude too low. This
could be the case for anomalous resistivity in LHDI turbu-
lence as well, in which case our evaluation of 775 may be too
small.
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Figure 1. Overview of the magnetopause crossing from
magnetosheath to magnetosphere. Spectrograms of mag-
netic (panel a) and electric (panel b) fluctuations show
power in the Hall current regime (panels c and d). In partic-
ular, the electric fluctuations above f¢; (red line) are lower
hybrid-like.

Figure 2. Wavelet power spectra of electric fluctuations.
The quiet magnetosphere (green) spectrum has a power law
index near a & —2. In the Hall current region (black, ma-
genta), a enhancement is observed above f = f.; with power
law indices of o &~ —1. Heavy dots show the spacecraft spin
frequency.

Figure 3. Lower hybrid waves, panel (a), are intense in
the Hall current region, where the density scale size (panel
b) is small, but quenched where plasma [ is large (panel
d). Panel c) shows that the electric field fluctuations are
polarized perpendicular to the magnetic field.

Figure 4. The measured parallel electric field ) at the
separator boundary (upper panel) is more than 100 times
larger than the estimated 7nj (lower panel) due to LHDI
anomalous resistivity at the edges of the current sheet.



Polar

1.0

f (Hz)

0.1

10.0

f (Hz)

1.0

o

Ene (MV/m)
LA
oooo

I
W N
o o

U
o
L

Bw (nT)

|
u
o
L

Seconds 30 30 00
2001 Apr 01 0546 0547 0548

Figure 1



10%
"
E 102
=)
2
A
5]
0
z 100
a
1072
0.01

0.10

1.00
frequency (fg)

10.00

100.00

Figure 2



6E (mV/m)

Ln (C/wpe)

1 000.68

100.00 1
- 10.00 1

B, (nT)

c/c"pi .
Seconds 30 00 30
2001 Apr 01 0546 0547

Figure 3



|E||| (mV/m)
NA o @O

0.0g
0.05

0.04
0.03
0.02

€ 0.01
0.00

j (mv/m)

2.3 2.7 3.0
20 22 24

o

c/wy,
Secdnds
2001 Apr 01

o=N
(§[04]

i

N

Figure 4



